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I. INTRODUCTION

This f£irst quarterly report on Contract NAS7-289, "Radiation Effects
in Silicon," covers the period June 1 througk August 31, 1964. During
this period work was performed in the following arcas.

" 1. Samples of n-type silicon which had been previocusly irradiated
were studied by eleciron-spin resonance (ESR) technigques,

2. D-type silicon samples were irradiated and studied by ESR.

3. The technique for measuring lifetime as 2 function of injection

level was relined and applied to a sample of p-iype silicon.

4, The temperature dependence of the lifetime was measured in anotlter

sample of p-tyne silicon by & microwave reflectivity technigue.

These subjJects wili now be discussed in more detail.

II. ESR MEASUREMENTS

2.1 IRTRODUCTION

"he usefulness of spin-resonance measurements to determine the atomic
nature of defect structures in solids is well known. Of primary imporiance
has been the orientation dependencre. of the g value of an electron spin
associeted with the structure and the hyperfine interaction of that elec-
tron with surrounding nuclear spins (both those associated with the host
lattice and in some cases with the defect itself). Im silicon specifically,
resonance measurements have shown an amazing variecy of centers produced
either directly by irradiation or by irradiation and subsequent annesaling --
& much greater number of centers than cou'ld ever reasonably be inferred
from galvanomagnetic measurements alone, Witkins(l) has recently compiled
& list of 28 centers which have been found in silicon irradiated with
either electrons or neutrons, In addition inevitably there sve other
centers which have been observed in other laboratories (including several
at General Atomic) which have not yet been reported. With such variety,
it is clear that any type of mecroscopic measurement cannot possibly
reveal the complete picture of the defect structure., In this regard,

a varning voiced by watkins(l) is certainly worth repeating here:

"Do not assume that the results (of a macroscopic property study) can be

interpreted in terms of a limited number of simple defect structures.”
1
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This report will describe the results obtained to date of a study
of the types of defects produced by 8 and 30 MeV electrons at fairly
high fluxes (& 2 1017 cm'e) such that the Fermi level is moved a considerable
distance from the band edges. Preliminary investigations have been made
on both n- and p-type materials.

2.2 EXPZRIMENTAL DETAILS

The spin rescnance measurements are made at ~ 9.2 G¢c using a spectro-
meter employing 40 ¢ superheterodyne detection with a balanced crystal
mixer. The microwave cavity is constructed »f silivered epoxy and

oscillates in a rectangular TE mode with a Q of approximately 2000.

o1 (2,2)

Detnils of the spectrometer ard cavity have been presented previously
and will not be repeated here. The samples now used are rectangular
parallelepipeds {~ 1/8 x 1/8 x 1/h in.) oriented with a [110] axis along
the long dimension instead of the proviously used circular cylinders.

This change bas been made for ease of sample preparation wbhich outweighs
the problems associated with a cavity filling factor which varies
slightly with sample orientation.

MeasiTement temperatures in the ranges 2.0 to 4.2°K and 50 to 70K
are obtained with 1iquid helfum and liquid (or solid) nitrogen at appro-
priate pressures. In sddition, provision haz beer made to obtein tempera-
tures between 4.2 and 50°K by transferring cold helium gas from a liquid
halium storage dewar into the measurement dewar below the cavity and by
controlling the cavity teuperatures with a smell heater around the cavity
assemcly. This procedure is much morz convenient (erpecially from a
safety point of view) than the use of liquid hydrogen coolant and also

makes accessible a larger tempe.ature range.

2,3 EXPERIMENTAL RESULTS

The experiments performed to date have been largely exploratory in
nature in order to learn over what flux ranges known centers (such as
E and J centers) occur at these previocusly unexpiored energies of
2lectron irradiation (8 and 30 MeV) and also to ascertuia the general
character of the resonance signals from any new centers which wight be
formed. To this end, we have irradiated both floating-zone and pulled
phosphorus-doped silicon with room tempersture resistivities between

2
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0.1 and 10 ohm-cm and boron-dcped 1 ohm-cm material. Table 1 lists a
summary of the various irradiations performed.

In the five pulled samples the only resonance signals seen were due
to A centers in concentrations between 3 and 6 x 1015 em™3. This
observation indicates that the Fermi level is gtill in the viecinity of
0.16 eV beiow the conduction band for fluxes in the rang> of several
times 1017 cm™2 at both 8 and 30 MeV (at ~ 340°K) and that considerably
higher fluxes would be necessary to investigate possible centers present
with the Fermi level near the middle of the gap.

For both the 10 chm-cm n-type and the 1 ohm-cm p-type samples of
irradiations I {30 MeV) and II (8 MeV), resonance centers (in the
neighborhood of g = 2), if present, were in concentra%ions of less than
about 10lh cm'3, vhich is the limit of sensitivity using the present
cavity and sample size. For the 10 ohm-cm n-type samples of irradiation TII
(whose temperatures were carefully held to 300°K during irradiation by
immersing them in flowing water), a small resonance s3ignal was seen at
g = 2,007 to 2.008 at a1l three flux levels., The magnitude of these
signals was too small, however, to permit orientation-dependent studies.
Table 2 lists the approximate concentration of these centers. In the
1 ohm-cm p-type samples small signals are also probably present. All of
the above measurements were made at SOOK.

The most fruitful samples by far bave been from 0.1 ohm-cm n-type
prosphorus-doped, floating-zone material, In the samples irradiated at
8 MeV with & = 3 x 1017 cm'? E centers (an uncharged phosphorus-vacancy
complex) have been found with & concentration of 2.5 x 1016 cm'3.

This is close to the meximum concentration possible (equal to the tntal
prosphorus concentration =5 x 1016 cm'3). This center was observed at
SOOK in slow passage* using a magaetic field modulation frequency of

100 cps. The center is not seer using a modulation frequency of 1000 cps,
and apparently the magnitude of the spin relsxation time, T, is such

that the center is in the intermediate region between slcw and adiabatic
fast passage conditions at this frequency (T “’“;id)' Also observed in
this sample is an isotropic line et g = £.0029 with line width of 0.9 G,
with two satellites on each side of the line spac=d 1.3 G apart.

*
A discussion of passage conditions las been given previously. See Ref, 3.

3

R R TR



R R

.- n..nmf,f., nF
*SOT4TNOTIJTIP TejuswWiIadxa 03 anp SUOTLBTPR.LIT 343 . . =..” D 3z Jupmp
IBUMSTOS PITLBa 3T PUB utsouy Lrasyoaxd qou st L3I0us Y] UOTABRIDPEIIT ASH & - "yl J0g *9Tqrssod

s8 JBTTuWTs ATI83U S8 aas £o43 98Y3 aansus 04 aTnoq 3Y3 Jo suoisxod 3usosfpe wmoxy 3no axem sardmes
POUBUOSaT TeNPTATPUT ‘adf3 yowe a0 °*pasn sy ad43 yowe Jo ordwes s3eredss 8 XNTJ [OBD JICY 4EYL 990K
*

2dT-g~H 18 auoz~3ur380Td uoxog T J 70T ¥ 91
#NOT~d=W TS suoz-3urysold | snxogdsoyg 0T Lot xe
SHT*-d-H 1§ | ®uoz-Aup3eold | snaoydsoud T°0 LT X 1 1,00€ ASH OF III
2d{~9~W IS suoz-3ut3eo1d uoxog T
HROT-d~H 1S suoz-Jut4eold | snaogdsoyg (o) 8
mzln.omli S wsomuuc,_.pmo.m.m mﬁhOﬂ&uOﬁm T1°0 NHOH x ¢
2 *=d~O1 1§ paTINd snaoyd=zoyg 1°0 Lo % £ A OnE ~ ASKH @ ~ II
2d1-g-H 18 3uoZ~3ut3eoTd uozog T
'0T-d~H I8 auoz-2ut3s80ld | snxogdsoyg oTf ;0T * #°'1 M08t ~
GHT*=d=W TS suoz-Zurzeold | snaoydsoyd T°0 {{,{0T ¥ 0°1 1,008 ~
EQI60 ~d~H 1S peTInd snaoydsoyd 60°0 LT X 80 M 008 A O I
Jsqumy] oTnog | yaaoxs Jo odAg qusdoq hvmwwmwmmw AmuEOV UOT4BIPBILT fBasug UOTq81pBIII
30 Uo}3BIDBIXT
uotadizossqg aTduweg *nild aangeaaduay,

*wZOHB<dHHmm>zH JONVNOCHY NIJS ¥0d CIIVIAVYI STIJWVS J0 AYVWWNS

T 9Tq8L

B
& P —




ST L R

R e BT T 27 i L PR S

e ot

A meE g Bt il § e B SEBERL s

o Sﬁ#iﬁ'lt

Tapnle 2

APPROXIMATE CONCENTRATIONS OF CENTERS PRODUCING
RESGNANCE SIGNAIS AT g = 2,007 TO 2,008 IN
SiM-P-10NL4 TRRADIATED AT 300°% WiTH 20 MeV ELECTRGI™S

-2 Concentration
Flux (em ©) (em=3)
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An E center has not yet been cbserved in the 0.1 ohu-cum sample
irradiated at 8 MeV with a f1'x of 5 x 1017 cm'2 since we have rot yet
studied this sample using a 100 cps modulation field. However, because
of the large concentration in the sample irradisted with the lower flux,

E centers will almost certainly be seen in this sample when the measure-
ment is made,

In the 0.1 ohm-cm samples irradiated at 30 MeV and fluxes of greater
than 1017 cm'a, resonance signals have also been observed. For the
sample irradiated with a flux of 1.k x 107 cm"a, a seven-line pattern
has been observed with g values ranging from 2.000 to 2.0065, This line
pattern has been observed both at 20 and 50°K with field modulation
frequencies of both 100 and 1000 cps. The lines are observed in adiabatic
fast passage in all cases. The g tensor for this center lLas not yet been
determined from the observed angular dependence of the pattern, but it has
been determined that this is not one of the 28 centers tabulated by
Watkins(1) by comparison of the observed pattern with similar angular
dependent plots made from the data tabulated by him. The signals observed
in the samples of irradiation III have not yet been investigated as a
function of orientation, so it cannot be said whether these signa.s
correspond to the center described above, The g values, however, cover
the same general range.

In the sample irradiated at 30 MeV with a flux of 4.6 x 10'7 en™2, &
broad lire sbout 10 G wide™ is observed on which the lines described
above are superposed, A recorder tracing of this line is shown in Fig. 1.
Such a wide line in silicon is surprising since other resonance
lines, due both to donoré and to defect centers, are typicallv of the
order of 1 G wide, the lines being inhomogeneously broadered by unresolved
hyperfine interaction with neighboring 3129 atoms. Note, however, that
from the sign of this line (or lines) relative to the g-marker signal

we can see that it is traversed under adiesbatic fast passage conditions,

*it 1s of course possible that this is not one l:ne but a series of lines
with unresolved splitting, The superposition of the cther resonances
makes it difficult to sssess this possibility.
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It should also be mentioned that several cf these samples also have
been studied at 49K, However, no useful resonance signr.i. have beern
cbtained, even in samples which show good signals at 2 Evidently
the extremely long spin-relaxation times which occur in silicon at this
temperature cause the simple adiabatic fast passage conditions descyibed
in Ref. 3 to be violated and one of the more complicated passaze cases

(5)

however, to attempt to understand this passage effect, since useful

described by Weger tc prevail. It has not teen considered worthwhile,

information is more readily obtainable from measurements at higher

temperatures,
2.h DISCUSSICN

Although sufficient experimental results at these _rradiatién energies
are not yet available for a complete understanding of the results, several

rather random observations can be made.

Although E centers have nov been shown to be formed at 8 MeV, they
have not been seen in samples irradiated at 30 MeV, both in the experi-
ments reported here and in work we have performed previously on samples
irradiated at lower fluxes, It is thus possitls tn conclude, at least
tentatively, that the E center is anot the predominant defect formed in
floating-zone material irradiated at 30 Me” a3 it is at lower irradiation

energles.

C centers and » centers (vhe two observable charge states of the

divacancy) have not been observed in high resistivity n-type ox p.rype
materials, respectively, whereas vhey are formed in appreciable c¢.:centra-
tiong at lower irradiation energies, It must of course be rec~ -.ized

that in the 10 ohm-cii n-type and 1 oéwr--m p-type materials inv-:- igated

in a1 attempt to find these centers, the charge carrier co. :r’.vations
availeble to populate these centers, which ere charged sta'n: of the
divacancy, are consideradly less than available in the

0.1 ohm-cm material which hes ylelded the several centers described

above., However, the sensitivity of our apparatus is adeguate to see these
centers even if only 10% or 20% of the donor electrons(or acceptor holes)
are captured at the appropriate defect. Evidently, at the irradiation
energles studied, the divacancy 1s produced and populated over only & small
range of flux., It must of course be remembered that no other centers,

8
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at concentrations greater than a few times lolh cm"a, have been seen

in these meterials either, so that,although *he Fermi level has been
moved appreciably towards the center of the gap in these materials,
centers obgervable by ESR techniques (at least under the experimental

conditicr . presently used) are not produced.

2,5 FUTURE PLANS

The work during the next quarter will be concentreted first on
measurement of the introduction rates of E centers and also of J centers
if a range of fluxes is found which produces them in sufficient concentra-
tions. To assist in studying the production of J centers and other low-
concentration centers, the use of a new micirowave cavity is planned which
will increase the sensitivitv of our apparatus by a tactor of between
5 and 10, This cavity is quartz filled and operates in the cylindrical
TEgyy ®mode., The improved sensitivity results from a considerably higher
cavity Q and filling factor as compared with the present rectangular
cavity, Also to be included when this cavity i1s installed is provision
for optical illumination of the microwave sample at the measurement
temperature, Such illumination can change the chiarge state of & center
and make it "visible" by ESR.

In addition, it is planned during the next quarter to tegin correla-
tion studies between lifetime and spin resonance measurements, specifi-
cally by using the lifetime measurement results as a gulde to the energics
and fluxes to he used in preparation of sasmples for ESR studies.

III. LIFETIME STUDIES

3.1 EXPERIMENTAL DETATLS

Lifetime measurements were mede usilizing “wo techniques: the
puised conducti'isy technique developed previOusly(3) and a microwvave
reflectivity technique. The pulsed cornductivity technique was improved
slightly by utilizing a pulse generator for bouh the high-injection
and low-injection voltage source, In this wuy, some of the R" noise
which was introduced into thre sys.em from the dc voltage supply was
eliminated,




One of the difficulties with performing lifetime measurements at
low temperatures on silicon is the occurrence of rectifying contacts.

Such problems are particularly prevalent in p-type silicon in the vicipity
of 1liquid nitrogen temperature. Hence, we have utilized an electrodeless
pethed of measuring the lifetime in silicon which, unfortunately, cannot
cover tke dynamic range availsble to the pulsed dc conductivity messurement.
The technique wzs deve.ndped under another contract® for use in measuring
semiccnductor lifetimes down to liquid heliumr temperatures.

This method involves tl. measurement of the aﬁplitude and phase shift
of an X-band microwsve reflected from the sample which is mounted against
tne shorted erd of an X-band waveguide, The microwave circuit is shown
in ¥ig. 2. The microwave power from the klystron is fed to a frequency-
measuring cavity and crystal detector and also to a magic T. The magic T
eplits the povwer equally between the reference erm and the sample arm
acd alsc remixes the reflecteld signals in a detector crystal. The filter
placed in front of the detector crystal is used to reject harmonics of
the linear accelerator modulation frequency and accept only the diagnostic
X-band frequency. The klystron power supply is stabilized by locking >
to the resonance frequency of the calibrated adjustable cavity,

The equations for the ampli‘ude and phase of the microwave reflected
from the shorted end of the waveguide with the semiconductor sample in
frons can be solved rigorously and result in a curve of the form shown
in Fig. 3. For swall injection, the curve can be apzroximeted by a local .
linear region and the lifetime can be measured directly by observing the
exponential decay of the reflected signal amplitude. TFor high injection,
iL 1s necessary to utilize a calibration curve similar to that shown in
Fig. 3 to deduce the change in conductivity from the observed signal

amplitude, !

2.2. EXPERIMLATAL RESULTS

After a number of difficulties were solved, a successful measurement
of irrediated p-type silicon by the pulsed dc conduciivity method was

achieved. The data are nov beiung processed by the semiautomatic film

*Contract No. DA-49-186-AMC-65{(X), Harry Diamond lLaboratories, U, S. Army
Materiel Command, Washington, D. C.
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reader and computer program and will be reported in the next quarterly
report.

An experiment was also performed with 10 ohr-cm p-type silicon
utlizirns the microwave conductivity measurerent. These data are also being

“ar,

rediced at present

3.3 FUTURE PIANS

The immedinte glans sre tc complete the data analysis of the two
experiments on the p-type silicon: one by the pulsed dc conductivity
and the other by the microwave conductivity method. A second experiment
by the microwave method on n-type silicon will also be performed to
compare with the previous measuremenis on n-iype material,

A theoretical investigation of the temperature dependence of the
recombiiation cross sections in silicon is being performed. This investi-
cetion is relying upor ‘he available literature tc atvempt to determine
vhich cross sections should ve temperature dependent and what the functionel
form of their temperature dependence is likely to be. The purpose of
this is to enable us to determine cross sections and activation energises

from less than three independent 1lifetime measurement at each temperature.

13
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